Insulin resistance and obesity are components of the metabolic syndrome which includes 22 development of cardiovascular disease and diabetes with advancing age. The thrifty phenotype 23 hypothesis suggests that offspring of poorly nourished mothers are predisposed to the various 24 components of the metabolic syndrome due to adaptations made during fetal development. We 25 assessed the effects of maternal nutrient restriction in early gestation on feeding behavior, 26 insulin/glucose dynamics, body composition and liver function in aged female offspring of ewes 27 fed either a nutrient restricted (NR: 50% National Research Council (NRC) recommendations) or 28 control (C: 100% NRC) diet from 28 to 78 days of gestation, after which both groups were fed at 29 100% of NRC from day 79 to lambing and through lactation. Female lambs born to NR and C 30 dams were reared as a single group from weaning, and thereafter fed 100% NRC 31 recommendations until assigned to this study at 6 years of age. These female offspring were 32 evaluated by a frequently sampled intravenous glucose tolerance test, followed by dual energy x-33
INTRODUCTION 51
lengths and birth weights of singleton female lambs used in this study were similar across dietary 113 groups averaging 150.2 ± 1.2 days and 5.14 ± 0.20 kg, respectively. Singleton female lambs born 114 from these NR-realimented and C dams were commingled in a single group after weaning at four 115 months of age with diet details given by Burt et al (11) and fed 100% of NRC recommendations 116 up to 12 months of age. From 1 year of age through the time of testing the ewes were maintained 117 on NRC recommendations that were meet by one a day feeding of alfalfa hay and during late 118 gestation and lactation corn was added to meet energy requirements with a trace mineral block 119 available ad libitum to meet mineral requirements. These female offspring were bred to produce 120 lambs as 3, 4 and 5 year olds. 121
At six years of age (spring of 2010), ewes from both maternal treatments (NR, n=4 and 122 C, n=4) were adapted from a hay and grain diet to the experimental ration at maintenance levels 123 over a 2 wk acclimation period. The relatively low number of ewes per treatment group (n=4) 124 available for use in this study, is a limitation, and should be taken into account when assessing 125 the data presented. The experimental diet consisting of a highly palatable, pelleted diet with the 126 ration composition given by Long et al (26) and was analyzed to contain 71.05 % total digestible 127 nutrients, 1.08 Mcal/ kg Net Energy for gain, 1.64 Mcal/kg Net energy for maintenance, 88.2 % 128 dry matter, 13.5 % crude protein, and 4.05 % fat on an as fed basis (ADM; Alliance Nutrition;animal to consume feed at a time and her ear tag to be scanned identifying the ewe consuming 144 feed at each episode. Feed was continuously available 24 hrs per day. Intake measurements were 145 recorded throughout the entire 11 week period. Body weight (BW) was measured every two 146 weeks. Also, a blood sample was collected from each ewe by venipuncture at 0800 hr into an 147 7 of glucose and insulin curves resulting from the FSIGT according to the following equations 174 using MinMod Millenium software (Version 5.10, MinMod Inc.) (8, 10) : 175 G'(t) = -(Sg+X)*G(t) + Sg*Gb, 176 where G(t) = glucose at minute (t) and Gb = baseline glucose 177 X'(t) = -P 2 *X(t) + P 3 *(I(t)-Ib), 178 where X(t) = insulin action at minute (t), I(t) = insulin concentration at minute (t), Ib = 179 baseline insulin concentration, P 2 = loss rate of insulin action (X), P 3 = action of one unit 180 insulin on glucose disposal per minute. 181 182 SI represents the acceleration of glucose clearance by insulin (SI = P 3 / P 2 ), Sg is the rate 183 of glucose clearance at basal insulin, AIRg is the insulin response measured in the first 10 min 184 following glucose injection available to act on glucose clearance (via SI), and DI is an index of 185 the absolute insulin action potential determined by the initial insulin secretion response and the 186 tissue response (DI = AIRg × SI). 187
Dual Energy X-ray Absorptiometry (DEXA) 188
To accurately determine body composition (fat and lean tissue), dual energy x-ray 189 absorptiometry (DEXA, GE Lunar Prodigy™ 8743; Madison, WI) was utilized as previously 190 used in our laboratory and previously described and validated for sheep (16, 31, 36) . Both prior 191 to and following the feeding trail, ewes were deprived of food for 24 hr and water for 12 hr to 192 minimize the chance of emesis and subsequent aspiration of gastric material while under 193 sedation with Ketamine (22.2 mg/kg body weight) which was administered immediately prior to 194 performing DEXA scans. The whole body scan mode was used for all animals and scan times 195 were approximately three min depending on the length of the animal. A single, blinded, and 196 experienced investigator performed all DEXA scans and quantified % body fat. DEXA was 197 calibrated and quality assurance tests performed daily prior to measurement and according to the 198 manufacture specifications and programmed acceptable limits. 199
Tissue Collection 200
At necropsy, ewes were sedated with Ketamine (22.2 mg/kg body weight) and 201 maintained under isofluorane inhalation anesthesia (4% induction, 1-2% maintenance) as 202 routinely conducted in our laboratory (16). Ewes were then exanguinated while under general 203 anesthesia and selected organs (pancreas, liver, heart, kidneys, and lungs) and adipose tissue 204 pools (perirenal, omental) were collected and weighed. Additionally, the right and left ventricles 205 of the heart were dissected from the septum and remainder of the heart and weighed and their 206 thickness determined. Further, samples of liver tissue were collected from both left and right 207 lobes and snap frozen in liquid nitrogen, and then stored at -80°C pending analysis. 208
Determination of hepatic lipid and glycogen content 209
Tissue dry matter (DM) and percent total lipid (ether extract) was determined on 210 duplicate 0.5 g samples of left and right lobe liver tissue by AOAC procedures (3) as prevously 211
reported by Long et al. (27) . Briefly, samples were weighed out onto dried filter paper and the 212 filter paper folded to securely enclose samples. The samples were dried at 100° C for 24 h, then 213 placed in an ether refluxer for 24 h. Weights were recorded between steps and the difference in 214 weights were used to calculate total lipid as a percent of DM. Final % lipid was calculated for 215 both right and left lobes. Due to the fact that % lipid was similar for right and left lobes, they 216 were averaged for each ewe and utilized for statistical analysis. All samples were analyzed in a 217 single set and had a coefficient of variation (CV) of 3.1 % for all liver samples for an animal. 218
Glycogen content was determined using duplicate 0.1 g of hepatic tissue from the left lobe 219 pulverized in liquid nitrogen. Glycogen was measured as previously described (45) and is 220 expressed as g of glycogen per g of wet hepatic tissue in a single assay with a CV of 5.4 % 221 between duplicate samples. 222
Western blotting procedures 223
Western blotting was accomplished by methods previously described and utilized in our 224 laboratory (16, 29) . Hepatic tissue samples from the left lobe were pulverized in liquid nitrogen 225 and then 0.1 g of each sample was homogenized in a polytron homogenizer with 400 μl of ice-226 cold buffer containing 137 mM NaCl, 50 mM Tris-HCl, 2% SDS, 1% Triton -100 solution, 10% 227 glycerol, 2.5 mM EDTA, 1 mM CaCl2, 1 mM MgCl2, 2 mM Na3VO4, 100 mM NaF, and 1% 228 protease inhibitor cocktail (Sigma, St. Louis, MO), pH 7.4. Each homogenate was mixed with an 229 equal volume of 2× standard SDS sample loading buffer and heated at 95°C for 5 min. Then 5 μg 230 samples of the protein extractions were separated by 10 % SDS-PAGE gels, using a Mini-231
Protean IIITM Gel electrophoresis system (Bio-Rad Laboratories Ltd). After electrophoresis, the 232 resolved proteins on the gel were transferred to nitrocellulose membranes in a transfer buffer 233 containing 20 mM Tris-base, 192 mM glycine, 0.1% SDS and 20% ethanol. Membranes weremM Tris-HCl, pH 7.6, and 150 mM NaCl) for 2 hr. Membranes were incubated overnight at 4°C 236 with rabbit anti-PEPCK (1:500 dilution in TBST with 5% milk), goat anti-G6P; 1:500 dilution 237 in TBST with 5% milk), and rabbit anti-PPARγ (1:800 dilution in TBST with 5% milk). PEPCK 238 and 6GPantibodies were purchased from Santa Cruz Biotechnology, Santa Cruz, CA and PPARγ 239 antibody from Delta Biolabs, Gilroy, CA. After the primary antibody incubation, membranes 240 were washed with TBST three times, for 10 min each. Membranes were incubated with 241 horseradish-peroxidase-conjugated secondary antibody (Cell Signaling, Danvers, MA) for 1 hr at 242 room temperature. After three 15 min washes, membranes were visualized using ECL Western 243 blotting reagents (Amersham Biosciences) and exposure to film (MR; Kodak, Rochester, NY). 244
The density of bands was quantified using an Imager Scanner II and ImageQuant TL software 245 (Amersham Bioscience) as previously reported (58). Each membrane was used for the detection 246 of PEPCK, G6P or PPARγ, then stripped and re-probed for β-actin antibody (Sigma, St. Louis, 247 MO). Band density was normalized according to β-actin content. separation following a significant (P< 0.05) preliminary F-test. Differences were considered 300 significant at P < 0.05 and tendencies at P < 0.10. Data are reported as means ± SEM. 301
302

RESULTS
303
Over the 11 week ad libitum feeding trial, average daily feed intake was greater (P < 304 0.001) in offspring from NR than C ewes ( Table 1) . Amount of time spent at the feeder per 305 feeding episode was not different between treatment groups (NR, 150 ± 2 and C, 152 ± 2 306 sec/episode; P = 0.46), although the amount of time spent with head down in the feeder (i.e 307 eating) per feeding episode was slightly, yet significantly (P = 0.02) less in offspring from NR 308 ewes than C ewes (NR, 64 ±1 and C, 67 ±1 sec, respectively; P = 0.02). Average number of 309 feeding episodes per day was not different between groups (NR, 19.6 ± 0.4 and C, 20.1 ± 0.5; P 310 = 0.42). In contrast, the quantity of feed removed from the feeder per unit time with head down 311 was markedly greater in NR than C offspring (6.9 ± 0.3 and C, 3.6 ± 0.1 g/sec; P < 0.001). 312
Body weight of NR (62.5 ± 2.6 kg) and C (62.3 ± 1.7 kg) offspring was similar prior to 313 the ad libitum feeding and both groups increased progressively in BW by the end of the study 314 ( Figure 1 , P < 0.001). However, NR offspring demonstrated a greater (P < 0.01) % increase in 315 BW than C offspring after 2 weeks of ad libitum feeding and had a greater (P < 0.01) efficiency 316 of BW gain (kg BW gain/kg feed consumed) than C offspring (Table 1 ). There was a tendency 317 for an interaction of treatment and week on lean mass (P = 0.09). NR and C ewes were not 318 different in lean mass at the onset of the study (P = 0.30). Both NR and C offspring increased in 319 lean mass over the 11 week trial (P < 0.01), but at Week 11, NR offspring had greater lean mass 320 than C offspring (P < 0.01). Percent body fat also increased (P < 0.05) over the 11 week trial in 321 both groups, but was not affected by maternal dietary treatment (Figure 2) . 322
Fasted baseline plasma glucose and insulin concentrations obtained before the initial 323 FSIGT conducted prior to the feeding trial and before the second FSIGT conducted after the 324 feeding trial were similar in C and NR offspring averaging 79.8 ± 3.7 mg/dL and 3.9 ± 0.5 325 mIU/L before the initial FSIGT and 80.6 ± 4.0 mg/dl and 5.9 ± 0.8 mIU/L before the second 326
FSIGT. Further, while fasted baseline glucose concentrations remained similar before and after 327 the 11 week ad libitum feeding period, fasted baseline insulin concentrations tended to increase(P<0.10) from the first to the second FSIGT in both treatment groups. Biweekly glucose 329 concentrations obtained from week 3 to 11 of ad libitum feeding remained similar between C and 330 NR offspring (Figure 3a) , while plasma insulin and the insulin:glucose ratio were higher over 331 this period in NR than C offspring (Figure 3b ,c. During the feeding period plasma cortisol was 332 greater (P < 0.001) in NR offspring compared to C offspring (Figure 3d ). In addition plasma 333 leptin was increased (P < 0.01) in NR offspring compared to C offspring (Figure 3f) . 334
All minimal model parameters (SI, Sg, AIRg, DI) were unaffected by time over the 11 week 335 ad libitum feeding period. Therefore, data presented are an average of the measures obtained by 336 FSIGT before and after the feeding trial (Table 1) . Insulin sensitivity was lower (P < 0.05) and 337
Sg was greater (P < 0.001) in NR than C offspring. Acute insulin response to glucose challenge 338 was also significantly elevated in NR versus C offspring (P < 0.001), resulting in a significantly 339 greater DI for glucose disposal in NR offspring (P < 0.01). 340
At necropsy, heart weight, including right and left ventricular weight, average kidney 341 weight and average lung weight were greater in NR than C offspring (Table 2) . Further, the 342 thickness of the right ventricle was greater (P<0.05), and the left ventricle tended to be greater 343 (P<0.07) in NR versus C offspring. When corrected for differences in ewe body weight, 344 however, organ weights of C and NR offspring were found to be similar (Table 2) . 345
Liver weight was not different between NR (1460 ± 93 g) and C (1409 ± 93 g) offspring (P = 346 0.37). However, hepatic % lipid was greater (P < 0.01) in NR (1.73 ± 0.10 %) than C (1.13 ± 347 0.08 %) offspring. Hepatic glycogen content also tended to be greater in NR (100 ± 7.0 mg/g 348 tissue) versus C (80.5 ± 4.0 mg/g) offspring (P < 0.06). The mRNA ( Figure 4A 18 month old rats exposed to maternal low protein at various periods during gestation, and 372 suggest that dietary challenge (e.g. exposure to high fat diet) in postnatal life may be needed to 373 bring about obesity and altered food intake in offspring of mothers experiencing maternal 374 undernourishment (7). Studies following rats born from globally nutrient restricted dams (30% 375 restriction relative to ad libitum) to 12 months of age have demonstrated increased food intake 376 that was enhanced with the availability of a high fat diet (53). 377
In other studies using sheep, 50% global nutrient restriction in ewes from day 30 to 80 of 378 gestation induced hyperinsulinemia in one year old offspring (males and females combined) 379 exposed to an obesogenic environment (i.e. reduced physical activity induced by reduced living 380 space with ad libitum feeding) (42). However, a reduced daily feed intake was reported in 381 offspring of nutrient restricted dams. The investigators interpreted the lower feed intake in 382 offspring of restricted dams as an appropriate adaptation to regulate energy balance in an 383 environment of low energy expenditure/high food availability which was not observed in control 384 offspring. The results presented by Sebert et al. (42) suggest that maternal nutrient restriction in 385 the first half of gestation does not induce hyperphagia in offspring. However, these yearling 386 offspring of restricted ewes exposed to the obesogenic environment were hyperinsulinemic 387 relative to controls in the same environment, a likely indicator of insulin resistance and a 388 predisposition for eventual metabolic disease (42). Furthermore, the study examined feed intakeThus, this single measurement may have been reflective of differing early adaptations to a new 391 environment more than in utero programming of appetite. Assessment of daily feed intake in a 392 group setting, a more natural environment for sheep, over an extended period of time may be 393 required to separate subtle differences in voluntary feed intake if they exist in offspring of 394 nutrient restricted dams. 395
The utilization of long-term, automated feed monitoring as in the present study enabled 396 accurate measurement of voluntary feed intake in ewes maintained in a group social setting. Our 397 results indicated greater offspring voluntary feed acquisition in aged offspring attributable to 398 early pregnancy maternal nutrient restriction six years prior to the study and may also differ from 399 the study of Sebert et al. (42) due to differences in age at time of evaluation (1 vs. 6 years old). 400
Furthermore, in the present study, ewes from nutrient restricted mothers consumed feed at a 401 greater rate than controls with no difference in number of visits to the feeder or time spent at the 402 feeder. Rate of food consumption likely reflects appetitive drive and may be a meaningful 403 behavioral trait associated with greater risk of overweight. In a study which evaluated body mass 404 index and self-reported eating behaviors in a large human sample (30), both Japanese men and 405 women reported to eat quickly had increased odds ratio (1.84 and 2.09, respectively) for having a 406 body mass index greater than 25 kg/m 2 . 407
Aged offspring of nutrient restricted dams in the present study also gained more body 408 weight per unit weight of feed consumed than control offspring, indicating an increased 409 efficiency (i.e. thriftiness) of body tissue deposition when exposed to unlimited availability of 410 high quality feed. This thriftiness points towards an increased risk of obesity in these animals if 411 the exposure to ad libitum feed were to continue indefinitely, as people of developed nations 412 often experience throughout a lifetime. Feed intake regulation and efficiency of body weight gain 413 could be mechanisms by which offspring of nutrient restricted pregnancies, which experience 414 metabolic dysregulation and are exposed to plentiful nutrition, become obese later in life (14, 415 48). Furthermore, programmed differences in intake and metabolism may contribute to many 416 people's innate tendencies to stay thin or put on weight despite similar lifestyles. 417
However, offspring of nutrient restricted dams in the present study did not have greater 418 body fat than controls either before or after ad libitum feeding. Given their increased efficiency 419 of gain and their low-moderate condition (~ 8% body fat, typical of 6-year old ewes) at the onset 420 of the study, it is likely that 11 weeks of overeating was not sufficient time to allow for 421 development of differences in body fat in this group of animals. Also, the present study 422 evaluated body composition in old age, when lean mass is likely to be decreased relative to 423 younger ages (44). Therefore, a greater proportion of body weight gain in these aged ewes may 424 have been due to restoration of lean mass with ad libitum consumption of a high quality diet, 425 compared to a young animal which would not yet have begun to lose its lean mass due to old 426 age. It has been shown that ingestion of amino acids in elderly humans improves muscle protein 427 syntheses (35) and this could be through increased intake of the branch chained amino acid , 428 leucine which may help reverse impaired regenerative drive in sarcopenic muscle by enhanced 429 anabolic pathways and inhibiting catabolic pathways (21) The lack of body fat differences by 430 the end of the trial also may explain why the differences in insulin sensitivity and secretion 431 between the nutrient restricted and control offspring were not further exacerbated over this time 432
period. 433
These data demonstrate that under fasting conditions both C and NR offspring exhibit 434 similar circulating levels of glucose and insulin, however, in response to the FSIGT, marked 435 differences were observed. Greater DI (both before and after ad libitum feeding) indicates an 436 enhanced potential of NR offspring for insulin-mediated clearance of glucose from the blood and 437 into body tissues, and in these animals, is due to significantly elevated insulin responsiveness to 438 glucose challenge. However, if pancreatic β-cell insulin output were to become exhausted, as it is 439 in the pathogenesis of type II diabetes, insulin-mediated glucose clearance would decline 440 dramatically in the offspring of nutrient restricted pregnancies due to their lower SI (49). An 441 elevated insulin to glucose ratio also indicates that more insulin is required per unit glucose to 442 maintain blood glucose concentrations within a normal range which supports that body tissues of 443 offspring of nutrient restricted ewes have relatively low insulin sensitivity. Compensated insulin 444 resistance occurs in response to decreases in peripheral tissue insulin sensitivity and is marked by 445 hyperinsulinemia and enhanced insulin output in response to glucose in an effort by the body to 446 maintain glucose homeostasis (1). This state of compensation can lead to pancreatic exhaustion, 447 which then gives rise to glucose intolerance and diabetes (49). 448
Differences in glucose metabolism in the nutrient restricted offspring also fit with their 449 greater expression of hepatic PEPCK, an irreversible, rate-limiting enzyme which catalyzes the 450 first step of cytosolic hepatic gluconeogenesis (38). The minimal model parameter Sg (glucose 451 effectiveness) is calculated based on rate of endogenous glucose production estimated by the 452 minimal model (8). Therefore, a higher Sg in offspring of nutrient restricted dams matches the 453 greater capability for production of glucose from the liver indicated by greater PEPCK 454 expression levels. Thus, nutrient restricted offspring may produce glucose more efficiently in the 455 liver, which is matched by a more efficient basal disposal of glucose from the bloodstream and 456 into body tissues. This notion also agrees with the apparently increased efficiency of weight gain 457 observed in these ewes. Additionally, the unaltered mRNA and protein expression levels of G-458 6P, an enzyme which catalyzes the production of glucose from glucose-6-phosphate (4), suggests 459 that more of the newly synthesized glucose-6-phosphate derived from the elevated 460 gluconeogenic activity in hepatocytes of NR versus C ewes could be directed toward glycogen 461 synthesis and storage rather than being converted to glucose and subsequently released from 462 hepatocytes. This is consistent with the observed trend for increased storage of hepatic glycogen 463 in the liver of NR versus C ewes suggesting a heightened propensity for glucose storage in these 464 offspring of nutrient restricted dams, another example of a thrifty trait. This result is consistent 465 with studies in rat offspring exhibiting greater hepatic glycogen stores following maternal low-466 protein diet during either early or late gestation (6). A similar picture of increased fetal liver 467 glycogen has been described in term fetal baboons whose mothers received a 30% globally 468 While it has been reported that there was a positive correlation between genes of fatty acid 485 oxidation and PPARγ in liver tissue of dairy cattle, it was also reported that there is a marked and 486 progressive decrease in mRNA expression of hepatic PPARγ content with age (51). While the 487 pathogenesis and specific implications of non-alcoholic fatty liver disease in humans are still 488 being uncovered, fat accumulation in the liver is clearly associated with obesity, insulin 489 resistance and dyslipidemia (13). 490
Perspectives and Significance:
We have demonstrated that maternal nutrient restriction 491 through early gestation resulted in increased insulin secretion in response to glucose, increased 492 daily food intake and rate of intake, greater efficiency of body weight gain and lower insulin 493 sensitivity in aged sheep offspring during a period of ad libitum feeding. Further, these data 494 show significant differences in feeding behavior, glucose/insulin dynamics, hepatic fat and 495 glycogen content and hepatic gluconeogenesis between offspring of nutrient restricted and 496 control dams, which point to mechanisms by which thrifty individuals are predisposed to 497 overeating/obesity and metabolic disease with advancing age. Thus, the results of this study 498 provide clear physiologic evidence in a precocial large animal model of prenatal programming of 499 energy metabolism and feeding behavior in old age. Finally, and perhaps most importantly, these 500 data demonstrate that when fed only to requirements, NR offspring exhibited no differences in 501 body weight, composition or fasted circulating concentrations glucose or insulin until allowed to 502 consume unlimited amounts of feed, suggesting that diet per se has a potential role in mitigating 503 disease even after programming. 504 505
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